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Edwardsiella ictaluri causes enteric septicemia of catfish (ESC), a devastating disease in
the channel catfish industry. Our research group has developed several E. ictaluri live attenuated
vaccine (LAV) candidates (EiΔevpB, EiΔevpBΔfur, EiΔevpBΔhfq, EiΔevpBΔfurΔhfq), which
were able to stimulate an immune response in vaccinated channel catfish and reduce ESC.
However, innate, and adaptive immune responses in the lymphoid tissues of channel catfish to
these LAVs are not known well. The overall goal of the project is to determine the role of
adaptive and innate immune responses in catfish after vaccination with LAVs.
Analysis of innate and adaptive immune-related gene expressions showed that the LAVs
induced expression of adaptive immune-related genes in lymphoid tissues with less inflammation
compared to wild type control. Also, the LAVs induced the expression of IgM in the sera of
catfish.
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CHAPTER I
UNDERSTANDING CHANNEL CATFISH IMMUNE RESPONSES AGAINST LIVE
ATTENUATED EDWARDSIELLA ICTALURI
Introduction and Review of Relevant Literature
Catfish Industry
The aquaculture industry, with 1.5 billion dollars of sales value per year in the US,
has a significant impact on the US economy. Channel catfish (Ictalurus punctatus) is the
most important aquaculture industry in the southern USA, and the majority of catfish is
farmed in Mississippi, Alabama, Arkansas, and Texas. In 2018, catfish growers generated
360 million dollars of sales value in the US (USDA 2019). In Mississippi, catfish farming
contributed about 210 million sales value in 2019. However, the industry is facing
significant losses due to bacterial diseases. Enteric Septicemia of Catfish, caused by
Edwardsiella ictaluri, is one of the most common diseases that affect the aquaculture
industry.
Edwardsiella ictaluri
Edwardsiella ictaluri (E.ictaluri) is the causative agent of enteric septicemia of
catfish (ESC) (Hawke et al. 1981). E. ictaluri is a Gram-negative, facultative-anaerobic, rodshaped, and facultative intracellular pathogen, and it is a member of the Enterobacteriaceae
family (Hawke 1979). It was first isolated from fish in Alabama in 1976 (Hawke 1979). E.
ictaluri has a wide distribution and host range globally. For example, E. ictaluri was also
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isolated in Indonesia (Yuasa et al. 2003), Vietnam (Crumlish et al. 2002), Japan (Sakai et al.
2008), China (Liu et al. 2010), and the Caribbean (Phillips et al. 2017). It was isolated in
laboratory populations of zebrafish (Hawke et al. 2013). The optimal temperature range of
E. ictaluri is 25-30C. E. ictaluri grows in 48 h at 30C on BHI agar. It is typically sensitive
to terramycin, furacin, streptomycin, kanamycin, trimethoprim, sulfadimethoxine (Romet),
and neomycin. However, it has innate resistance to colistin, sulfamerazine, sulfadiazine,
bacitracin, and erythromycin (Waltman and Shotts 1986; Hawke 1979).
Edwardsiella ictaluri has different virulence factors. Among these, secretion systems
are important, and Type III and Type VI secretion systems (T3SS and T6SS) are vital for
E.ictaluri virulence (Moore, Fernandez, and Thune 2002; Thune et al. 2007). T6SS are
located in the cell membrane of gram-negative bacteria, and it is important for ion up taking.
Some T6SS genes have been associated with bacterial virulence (Kanamaru 2009; Pukatzki
et al. 2006). The evpB gene of T6SS decreased E.ictaluri virulence in channel catfish
fingerling by immersion vaccination (Abdelhamed, Lawrence, and Karsi 2018). Another
study showed that an attenuated evpB strain activated adaptive immune responses without
inflammation (Kordon et al. 2019). Also, the evpP gene was important for colonization of
catfish cells and induced necrosis in anterior kidney macrophages (Kalindamar et al. 2020).
Activation of ferric uptake regulator (fur) involves iron-binding. Outer membrane
vesicles (OMVs) that help bacterial infections are released from the outer membrane of
Gram-negative bacteria and contribute to pathogenesis. The production of OMVs by vaccine
candidates may increase vaccine efficacy (Harrison et al. 2013; Santander et al. 2012). A
study showed that fur deleted mutants of Haemophilus influenzae caused more OMVs
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production (Roier et al. 2016). Moreover, cofactor RNA-binding protein (hfq) is a RNA
chaperone and is important for mRNA stabilization (Vogel and Luisi 2011).
Enteric Septicemia of Catfish
In the southeastern US, ESC is one of the most common diseases and causes a loss of
more than $50-80 million per year. As the optimal growth temperature of E. ictaluri is 30C,
ESC disease can be seen primarily during fall and spring when the water temperature
fluctuates. At temperatures of 17, 21, 32C E. ictaluri causes low mortalities compared to
30C (Francis-Floyd et al. 1987). Rapid temperature changes can cause rapid spread and
mortalities during ESC infection (Bly and Clem 1991). The disease affects all sizes and ages
of catfish when water temperatures are between 22-28°C in late spring and early fall. ESC has
two forms: Acute (septicemic form) is related to the intestinal route of infection and causes
necrosis, ulceration, and high mortality. Clinical signs in the acute form of ESC may not be
observed because of the rapid progression of the disease and high mortalities seen in four
days (Hawke 1979). Therefore, the acute form of the disease can cause more economic
losses because of immediate and high mortalities. In the chronic encephalitic form of the
disease, bacteria invade the host via olfactory organ and migrate to the brain, causing
meningoencephalitis with dorsocranial ulceration, also known as “hole in the head” lesion.
In the chronic form, the disease progresses slowly, and mortalities can last up to 4 weeks
(MacMillan 1985; Newton et al. 1989; Shotts, Blazer, and Waltman 1986).
Treatment and vaccination
There are several preventative measures to reduce the impact of ESC. For example,
increasing water temperature in hatcheries, reducing the frequency of feeding, and removing
3

dead fish from ponds are standard preventive measures. Although feed additive antibiotics
are effective against E. ictaluri, one of the first clinical signs of ESC is reduced appetite,
which prevents fish from getting proper amounts of antibiotics. Thus, feed additive
antibiotics are not sufficient for treating sick fish but can be practical to prevent the spread
of ESC to healthy fish. However, the use of antibiotics increases production cost, may
induce antibiotic-resistant strains, and causes environmental contamination. E. ictaluri has a
single serotype, which makes E. ictaluri a good live attenuated vaccine candidate (Bertolini
et al. 1990). Therefore, vaccination is considered a viable method to prevent disease
prevalence, particularly live attenuated vaccines of E. ictaluri are important for protection
against ESC. Aquavac-ESC is a commercial E. ictaluri vaccine. However, it is only
effective against juvenile catfish by intra-peritoneal injection (Abdelhamed, Lawrence, and
Karsi 2018; Kordon et al. 2019; Lawrence and Banes 2005). As a result, its use is limited,
and ESC is still a significant problem for the catfish industry. Our research group has
constructed in-frame gene deleted E.ictaluri strains that were effective LAV candidates
(EiΔevpB, EpΔevpBΔfur, EpΔevpBΔhfq, EpΔevpBΔfurΔhfq), which were completely safe and
protective in catfish fingerlings. Also, they were safe and protective significantly in catfish
fry (Abdelhamed, Lawrence, and Karsi 2018; Dr. Karsi, personal communication). In catfish
fry, these LAVs caused 0%- 4.19% mortality during vaccination. The safest vaccines were
EpΔevpBΔfur (caused 0.65% mortality) and EpΔevpBΔfurΔhfq (caused 0% mortality). Wild type
challenge of vaccinated catfish fry exhibited 5.88% to 14.18% mortality. The most protective
vaccines were EiΔevpB with 5.39% mortality and EpΔevpBΔfur with 5.88% mortality (Dr.
Karsi, personal communication).
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Adaptive and Innate Immune Responses
The anterior kidney (AK) in teleost fish is a lymphoid and hemopoietic organ that
produces all blood cells (Lam et al. 2004; Zapata et al. 2006). It is equivalent to bone marrow in
mammals (Rombout et al. 2005; Tort, Balasch, and Mackenzie 2003; Zapata et al. 2006).
Moreover, several studies reported that AK is one of the target organs for E. ictaluri. In an
experimental infection, the bacteria were observed from AK 48 hours post-infection, and the
bacteria were isolated from trunk kidney 15 m post-infection (Baldwin & Newton, 1993). Our
research group showed that E. ictaluri could be seen in anterior kidney 15 m post intraperitoneal
injection with accompanying necrosis (Abdelhamed et al. 2018; Karsi, Menanteau-Ledouble, and
Lawrence 2006).
In mammals, the spleen is the secondary lymphoid organ where antigen presentation
takes place to activate the adaptive immune system (Ruddle and Akirav 2009). Similar to
mammals, the spleen in teleost fish is a secondary lymphoid organ. Furthermore, the spleen is
one of the target organs for E. ictaluri. Using E.ictaluri expressing bioluminescence, bacteria
were detected at 60-72 h post immersion, and the bacteria were isolated from spleen (Karsi,
Menanteau-Ledouble, and Lawrence 2006).
Similar to higher vertebrates, the immune system in teleost fish is composed of innate
and adaptive immune mechanisms. The innate immunity is the first line of defense, and it
responds to pathogens by recognizing pathogen-associated molecular patterns (PAMPs), such as
lipopolysaccharides, lipoteichoic acid, and beta-glucan (Mogensen 2009; Taghavi et al. 2017).
The innate immune system responds to pathogens quickly and does not provide long-term
protection (Turvey and Broide 2010). If innate immunity is not sufficient to clear the pathogen,
the adaptive immune system will be activated (Whyte 2007). The components of adaptive
5

immunity react to pathogens by highly specific receptors and provide long-lasting protection by
memory cells (McHeyzer-Williams and McHeyzer-Williams 2005; Sallusto and Lanzavecchia
2009).
Innate immunity clears the pathogen by phagocytosis after pathogen recognition. The
innate immune system in teleost fish consists of three components: cellular defenses
(macrophages, granulocytes, non-specific cytotoxic cells, mast cells, natural killer cells, and
dendritic cells), physical barriers (fish scales, skin, gill, and mucus), and humoral factors
(transferrin, antimicrobial peptides, lysozyme, lectins, natural antibodies, complements,
cytokines, and chemokines)(Boshra, Li, and Sunyer 2006; Ellis 2001; Magnadottir 2010;
Saurabh and Sahoo 2008). Innate immune cells in tissues express the germline-encoded patternrecognition receptors (PRRs) that are responsible for sensing PAMPs derived from diverse
pathogens. Pathogen recognition induces signal transduction from PRRs to the nucleus within
innate immune cells, thus resulting in the production of proinflammatory cytokines and
chemokines in response to infection (Akira, Uematsu, and Takeuchi 2006; Silva and CorreiaNeves 2012). Cytokines have crucial roles in the immune system, including cell growth,
migration, differentiation, and innate and adaptive responses. Proinflammatory cytokines and
chemokines serve as inflammatory mediators and trigger inflammation (Alejo and Tafalla 2011;
Secombes, Wang, and Bird 2011). In the higher vertebrates, there are five signs of inflammation:
heat, pain, redness, swelling, and loss of function. Proinflammatory cytokines and chemokines
activate vasodilation and increase blood flow and vascular permeability in the site of infection.
Moreover, chemokines recruit additional inflammatory immune cells to the location of
inflammation (Secombes and Wang 2012).
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There are numerous types of proinflammatory cytokines and chemokines in mammals.
For example, tissue-resident macrophages secrete cytokines IL-1, IL-6, IL-12, tumor necrosis
factor-alpha (TNF-), interferon-gamma (IFN-), and chemokines IL-8 (CXCL8) (Laing et al.
2002; Mukaida, Harada, and Matsushima 1998; Secombes et al. 2001). IL-1 is a member of the
IL-1 family, and TNF- induce changes on endothelial cells in blood vessels. As a consequence,
blood vessels become more permeable and result in exudation and escape of plasma proteins into
the extravascular space (Pleguezuelos et al. 2000; Scapigliati et al. 2001). Furthermore, IL-6,
TNF- and IL1- have a systemic effect in the immune system. These cytokines raise body
temperature by having a role in temperature control sites on the hypothalamus and mobilization
of protein and energy on fat and muscle. Increased body temperature decreases bacterial growth.
Another systemic effect is acute phase response by changing the spectrum of soluble proteins
secreted by hepatocytes on the liver. Acute-phase proteins, such as C reactive proteins,
fibrinogen, and mannose-binding lectin, have different functions, including pathogen
recognition, elimination, inflammatory response, and coagulation (Svanborg, Godaly, and
Hedlund 1999). In addition to cytokines, chemokines attract the mobilization of immune cells to
the infection site. IL8 also called CXCL8 recruits’ neutrophils to the site of infection for their
effector function. Furthermore, IL-8 attracts T lymphocytes and basophils to infected tissue
(Laing et al. 2002; Mukaida, Harada, and Matsushima 1998; Sangrador-Vegas, Lennington, and
Smith 2002). These proinflammatory cytokines in teleost fish are similar in function to those of
higher vertebrates (Zou and Secombes 2016). However, fish does not show all signs of the
inflammation, such as fever, because they are poikilothermic and environmental conditions.
Interferon (IFN) genes are effective in cellular resistance and regulate innate and adaptive
immune responses. Interferons are subdivided into two main groups: type 1 and type 2
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interferons. Type 1 IFN contains IFN- and IFN-, and type 2 IFN is consist of IFN- only.
Type 1 IFNs are involved in host response to viral infections and are produced by almost all
types of cells. However, type2 IFNs are secreted by natural killer cells (NK cells) and T cells
(Samuel 2001; Savan and Sakai 2006). IFN- mediate many immune responses. For example, Th
1 cells secrete IFN- that activate macrophages and induces the expression of MHC I and II
molecules. IFN- also activates NK cells on hematopoietic tissues (Milev-Milovanovic et al.
2006; Robertsen 2006).
Adaptive immunity is activated by innate immunity when innate immunity is insufficient
to clear the infection. Adaptive immunity consists of two components: cell-mediated responses
(T and B cells) and humoral responses (antibodies). Some lymphocytes differentiate into
memory cells during the infection and provide long-lived specific immunity. The immune
system responds more rapidly and efficiently to the second encounter of pathogens due to
immunological memory. T and B cells are generated by primary lymphoid tissues and are
activated in secondary lymphoid tissues (Mashoof and Criscitiello 2016; Rauta, Nayak, and Das
2012; Tort, Balasch, and Mackenzie 2003; Uribe et al. 2011). T cells are categorized into two
main populations based on their functions: cytotoxic T cells (CTLs) and helper T (Th) cells. In
mammals, CTLs express CD8 molecules on their surface that interact with MHC class I
molecule while Th cells express CD4 surface protein, which interacts with MHC class II
molecules. CTLs are involved in response to viral infections by destroying infected host cells. In
contrast, Th cells regulate the function of other immune cells, such as macrophages, granulocytes
(neutrophils, eosinophils, and basophils), and B cells by differentiation into different effector
populations of Th cells including Th1, Th2, Th17, Th9, follicular helper T cells (Tfh), and
regulatory T cells (TREGs). Both types (CTLs and Th cells) of T cells differentiate into memory
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T cells (Laing and Hansen 2011; Nakanishi et al. 2011; Nakanishi, Shibasaki, and Matsuura
2015).
In teleost fish, T-cells are developed in thymus similar to mammals, and mature T cells
can be present in lymphoid tissues (thymus, kidney, spleen) and mucosal tissues, such as gill and
intestine. Two populations (CTLs and Th cells) of T cells have been identified in teleost fish,
which is similar to those of higher vertebrates (Nakanishi, Shibasaki, and Matsuura 2015). In
teleost fish, CTLs have a primary role in host response to virus infection and lead to lysis of
virus-infected host cells. Furthermore, Th are divided into different populations in teleost fish,
similar to mammals (MacLeod, Kappler, and Marrack 2010; Tanel et al. 2009; Wan and Flavell
2009). For example, Th1 cells activate macrophages against intracellular bacterial and viral
infections in fish (Zou et al. 2005). In mammals, Th2 cells are involved in host response to
parasitic infections, and markers of Th2 cells were identified in gills and skin of fish during
infection caused by parasites (Takizawa et al. 2011). Furthermore, Th17 cells attract neutrophils
against extracellular bacterial and fungal infections in mammals, and all cytokines involved in
Th17 cell differentiation and cytokines secreted by Th17 cells were described in teleost fish
(Zhang et al. 2014). Another subpopulation of Th cell is TREG cells that maintain immune
responses to self-antigens and suppress excessive immune responses in mammals. Several
research studies reported the expression of transcriptional factor, FOXP3, and cytokines involved
in TREG cell development in fish. Also, TREG cells maintain peripheral tolerance in the skin of
rainbow trout (Leal et al. 2016; Sakaguchi et al. 2008).
Major histocompatibility complex is a crucial molecule for antigen presentation to T
cells. Two types of MHC molecules present peptide of antigens to T cells. MHC class I
molecules present the peptide of intracellular antigens to CTLs, and MHC class II molecules
9

present the peptide of extracellular antigens to Th cells. Furthermore, MHC class I molecules can
be expressed by all nucleated cells. However, only professional antigen-presenting cells (APCs),
which are dendritic cells, macrophages, and B cells, express MHC class II molecules (Andersen
et al. 2006; Yamaguchi and Dijkstra 2019).
B-cells are produced in the anterior kidney of teleost fish and are activated in the spleen.
Also, B cells can be found in intestine skin and gill. Mature B cells differentiate into plasma
cells, which secrete antibodies. In mammals, there are 5 classes of immunoglobulins (IgG, IgM,
IgD, IgA, and IgE), which have different functions on adaptive immune responses, such as
opsonization, neutralization, and complement activation (Mashoof and Criscitiello 2016; Parra et
al. 2016). Only 3 classes of immunoglobulins are identified on teleost fish, which are IgM, IgD,
and IgT/Z. Immunoglobulins can be present in different tissues, such as gut, gill, and skin. IgM
was the first described antibodies in bony fish and can be found on mucus and serum of fish
(Acton et al. 1971; Danilova et al. 2005; Wilson and Warr 1992). Some studies show that IgM
can be identified from intestinal extract after oral vaccination. IgM has an active role in both
innate and adaptive immune responses. IgM initiates activation of the classical complement
pathway and results in opsonization and lysis of pathogens (Mashoof and Criscitiello 2016).
Significance and Objectives
Recently, our research resulted in several potential live attenuated vaccine (LAV)
candidates (EiΔevpB, EiΔevpBΔfur, EiΔevpBΔhfq, and EiΔevpBΔfurΔhfq) against ESC.
However, innate and adaptive immune responses in the lymphoid tissues of channel catfish to
these LAVs are not known well. There is, therefore, a critical need to understand protective
innate and adaptive immune responses in channel catfish against LAVs. The central hypothesis
of this proposal is that efficacious LAV strains activate adaptive immunity and promote T and B
10

cell-mediated immune responses. The rationale of the proposed research is that understanding
expression profiles of immune-related genes in channel catfish vaccinated with LAVs will lead
to new knowledge about protective immune responses in catfish, which will allow us
establishing standards for effective LAVs. Therefore, the specific objectives of the study were:
1- Determining innate and adaptive immune-related gene expression levels in lymphoid
organs.
2- Assessment of IgM levels in sera from catfish exposed to LAVs.
Materials and Methods
Animals
The fish hatchery at the College of Veterinary Medicine, Mississippi State University,
provided specific pathogen-free (SPF) channel catfish fingerlings (6-month old) that were
maintained at 25-28C. All fish experiments were performed under a protocol approved by the
Mississippi State University Institutional Animal Care and Use Committee (IACUC). Tricaine
methanesulfonate (MS-222, Western, Chemical, Inc.) was used to euthanize the catfish. Samples
were obtained as described below.
Bacterial strains
E. ictaluri 93-146 wild-type (WT) and 4 LAVs (EiΔevpB, EiΔevpBΔfur, EiΔevpBΔhfq,
and EiΔevpBΔfurΔhfq) listed in Table 1.1 were cultured in brain heart infusion (BHI) agar with
12.5 mg/ml colistin sulfate (Sigma–Aldrich, St. Louis, MN) incubated at 30C overnight.
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Table 1.1

Bacterial strains and plasmids

Bacterial Strain

Strains

Reference

Edwardsiella ictaluri
93–146
ESC-EiΔevpB

Wild type; pEI1+; pEI2+; Colr

(Lawrence, Cooper, and
Thune 1997)
(Abdelhamed, Lawrence, and
Karsi 2018)
(Provided by Dr. Karsi)

ESC-EiΔevpBΔfur
ESC-EiΔevpBΔhfq
ESC-EiΔevpBΔhfqΔfur

93–146 derivative; pEI1+;
pEI2+; Colr;ΔevpB
93–146 derivative; pEI1+;
pEI2+; Colr;ΔevpBΔfur
93–146 derivative; pEI1+;
pEI2+; Colr;ΔevpBΔhfq
93–146 derivative; pEI1+;
pEI2+; Colr;ΔevpBΔhfqΔfur

(Provided by Dr. Karsi)
(Provided by Dr. Karsi)

Fish Vaccination
A total of 1,200 specific pathogen-free (SPF) channel catfish fingerlings (6 months old)
were used in 12 40-L tanks (100 fish per tank) with flow-through dechlorinated municipal water
and air diffused through air stones. Tanks were monitored daily, and fish were fed twice per day.
The water temperature was kept at 28oC during the experiments. After one week acclimation,
fish were exposed to E. ictaluri 93-146 wild-type (WT) and 4 LAVs (EiΔevpB, EiΔevpBΔfur,
EiΔevpBΔhfq, and EiΔevpBΔfurΔhfq) (1 × 107 CFU/ml of water) by immersion. Negative
control fish were exposed to a similar volume of sterile BHI broth.
Blood and Tissue Collection
Approximately 3 ml of blood were collected from the caudal vein of 10 randomly
selected catfish survivors from each tank at 6 h, 1, 3, 7, 14, and 21 days post-infection under
anesthesia. Blood was centrifuged at 874 x g for 10 m, and serum was collected and stored at 80oC for ELISA experiments. Anterior kidney and spleen were isolated from 10 fish randomly
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selected at 6 h, 1, 3, 7, 14, and 21 days post-infection and stabilized in RNAlater stabilization
solution (ThermoFisher Scientific) for gene expression analysis.
RNA Extraction and cDNA synthesis
RNA was isolated from the tissues using FastRNA™ SPIN RNA Isolation Kit, and
catfish genomic DNA was eliminated from the total RNA using DNase treatment with RNasefree DNase Set (QIAGEN, Hilden, Germany). RNA quantification was conducted by NanoDrop
ND-1000 Spectrophotometer (Thermo Scientific). After RNA isolation, cDNA was synthesized
with Maxima First Strand cDNA Synthesis Kit. Briefly, the cDNA reaction included 2.5 µg of
total RNA, 4 µl of 5X reaction mix, 2 µl of maximum enzyme mix, and nuclease-free water to
complete the final volume to 20 µl. Reactions were incubated at 25oC, 50oC, and 85oC for 10, 30,
and 5 m, respectively. Reactions were stored at -80C until use.
Quantitative Real-time PCR and Data Analysis
Gene expression was detected by using an Applied Biosystems QuantStudio 3 Real-Time
PCR system (ThermoFisher Scientific) and FastStart Universal SYBR Green Master (ROX)
(Sigma-Aldrich Corp, St. Louis, MO, USA) for the following genes; CD4-2, CD8-α, CD8-β,
IgM, IL8, IL1-β, TNF-α, and MHC-II. Primers used for gene expression were listed in Table 1.1.
Initially, different serial dilutions of cDNA were prepared and run on the Real-Time PCR. Based
on the amplification plot and standard curve, cDNAs were diluted 50 times. Similarly, a sample
mixture was prepared by adding 1 µl from each undiluted cDNA for analyzing the housekeeping
gene (18S rRNA), which was diluted 1000 times. Thermal cycling settings were as following, 45
cycles of 95°C for 10 s, 95°C for 15 s, 57°C for 30 s, and 72°C for 15 s. Three technical
replicates were used in each plate, and four biological replicates were analyzed per gene. The
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cycle threshold (Ct) values were normalized by subtracting the Ct value of the reference gene
(18S rRNA) from the Ct value of the targets (gene of interest), as described in the formula: ΔCt
= Ct (target gene) – Ct (reference gene). After that, the ΔCt value of the target control (WT
strain) was subtracted from the ΔCt value of the target treated (LAVs strains) for the ΔΔCt value
for each target gene with the formula: ΔΔCt target= ΔCt target treated – ΔCt target control. The
fold changes were obtained by the 2-ΔΔCt formula.
Table 1.2

Gen names, GenBank accession numbers, and primers used in this study

Genes
18S
ribosomal
RNA
CD4-2

Accession
NO.
AF021880

Primers

References

F-GAGAAACGGCTACCACATCC
R-GATACGCTCATTCCGATTACAG

DQ435304

F-CTGTATGTTGTATCAGCCTCTG
R-CAGTCACCTCCTTACTTTGGCTA
F-CTACGCGGAGAGACAGTCCCAA
R-CTCACAACCCAAAAGCACATC
F-CCATCAGGCCTGGAGAAAGCA
R-TCACCACCAGGAGTAGGACA
F-TGATCCTTTGGCCATGAGCGGC
R-AGACATTGAAAAGCTCCTGGTC
F-CAATACTTTGTGAATTTCTGC
R-TGTCCTTGGTTTCCTTCTGG
F-TTGGGCAAAGTAGAGGACACC
R-TGTTTCCACACTGCCTGTTCG
F-GACACCAGGACATGGGAGGTG
R-CGAGGAAGAAAGTTCCGGTAG
F-GCACAACAAACCAGACGAGA
R-TCGTTGTCCTCCAGTTTCAA
F-AAGAAGCGAGTTATGCACCAG
R-ATGCTTCATGTTCCACCTCAC

(Karsi, A.
Waldbieser et
al. 2004)
(Kordon et al.
2019)
(Kordon et al.
2019)
(Kordon et al.
2019)
(Kordon et al.
2019)
(Kordon et al.
2019)
(Kordon et al.
2019)
(Kordon et al.
2019)
(Kordon et al.
2019)
This study

CD8-α

HQ446239

CD8-β

HQ446240

IL-1β

DQ157743

IL-8

AY145142

INF-g

NC_030434

MHC class II

AF103002

TNF-a

AJ417565

IgM

X79482

Measurement of IgM titer in the serum
Edwardsiella ictaluri culture was prepared by inoculating 5 ml BHI broth and growing it
overnight at 30C. The next day we increased the amount of BHI culture to 1 L followed by
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overnight incubation. The culture was incubated at 60C for 3 h, and every 30 m culture was
mixed by swirling. Liquid culture (100 µl) was spread on BHI plates to check viability. The heatkilled culture was centrifuged in a GSA rotor at 5000 rpm for 20 m. Pellets were suspended in
100 ml of 0.9 X HBSS and 100 µl 100X sodium azide. High binding 96 well Immunol plates
were coated with heat-killed E. ictaluri at 2 X 108 cells per well. The plates were centrifuged at
874 x g for 5 m. 50 µl of 0.5% glutaraldehyde solution was added to fix the bacteria to wells, and
the plates were centrifuged at 2000 rpm for 5 m. Plates were incubated 10 min at room
temperature, and wells were decanted and washed with 2X PBS. After washing, 100 mM of
glycine bovine serum albumin was added, and the plates were incubated at room temperature for
30 m. Then, the plates were washed with 2X PBS and 2 times with distilled water, and plates
were dried at 37C. When plates were dry, they were wrapped in with plastic wrap and stored at
room temperature.
Plates were blocked with 100 ul/well of 5% non-fat dry milk in PBS overnight at 4oC or 2
h at room temperature. Plates were washed 3 times in PBS. Serum samples were diluted in PBS,
added to wells, and incubated 1 h at room temperature. Plates were washed 3 times in PBS with
0.1% tween 20 and 3 times in PBS. The secondary antibody was mouse monoclonal antibody
9E1 (anti-channel catfish B cell, made by Norman Miller at the University of Mississippi
Medical Center, Jackson, MS). 9E1 was diluted 1:4 in PBS with 0.03% BSA (30 mg BSA in
100ml PBS), and 100 ul was added per well and incubated at room temperature for 1 h. After
wells were washed, 100 ul tertiary antibody (goat anti-mouse Ig (H+L) (SouthernBiotech)
conjugated with alkaline phosphatase; diluted 1/1500 in PBS with 0.03% BSA) was added to
each well, followed by incubation at room temperature for 1 h. After washing, 100 ul substrate
solution (Sigma 104/105 tablet dissolved in 5 ml diethanolamine buffer) was added to each well.
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Finally, plates were incubated at room temperature for 40 mins, and absorbance was measured
every 10 min at 405 nm by ELISA microplate reader (SpectraMaxM5, CA, USA).
Statistical analysis
One-way and two-way ANOVA procedures for SAS 9.4 software (SAS Institute, Inc.,
Cary, NC) were used to determine the significance between treatments, and P<0.05 was set for
the significance level.
Results
Innate immune-related gene expression levels in Spleen and Anterior kidney
Anterior Kidney
The expression levels of TNF-, IL8, INF-, IL1− and MHC class II in the anterior
kidney are shown in Figure 1.1 - 1.5, respectively. In the anterior kidney (AK), a significant
increase in TNF- expression level was detected in EiΔevpB exposed fish compared to BHI
exposed control group at 6 h post-challenge (hpc). There were no significant differences in the
expression of TNF- in AK exposed to EiΔevpBΔfur, EiΔevpBΔhfq, EiΔevpBΔfurΔhfq, and WT
strains in 6 hpc compared to the non-treated group. At all other time points, the expression levels
of TNF- was not significantly changed in LAVs and WT exposed groups compared to the
control group. In general, TNF- expression level in AK of channel catfish exposed to all LAVs
and WT was pretty similar at all time points (Figure 1.1).
At 6 hpc, IL8 expression was significantly changed only in EiΔevpBΔhfq group. At 1 day
post-challenge (dpc), IL8 expression increased significantly only in the WT group. The
expression levels of IL8 were upregulated significantly in AK from fish challenged with
EiΔevpB, EiΔevpBΔfur, and WT strains at 3 dpc. At 7 dpc, the expression levels of IL8 was not
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changed significantly in AK from fish vaccinated with LAV strains; however, WT induced
upregulation in IL8 expression level. At 14 dpc and 21 dpc, there were no significant differences
in all groups. In general, IL8 expression in all groups slightly decreased at 1 dpc and increased at
3 dpc, and then declined at 7, 14, and 21 dpc. An exception to this was the WT group; in this
treatment, the expression level of IL8 significantly increased at all time points until all fish died
(7 dpc) (Figure 1.2).
At 6 hpc, IFN- expression was significantly increased in all groups. No significant
differences were detected for IFN- expression level in the AK at 1 dpc. At 3 dpc, IFN-g
expression level was elevated significantly in AK challenged with EiΔevpBΔfur, and WT. The
expression level of IFN- in AK vaccinated with EiΔevpB dramatically upregulated at 7dpc. At
14 dpc and 21 dpc, there were no significant differences in all groups. In general, IFN-
expression level was higher at 6 hpc and declined steadily at other time points. Some exceptions
to this were that IFN- expression increased slightly at 3 dpc and 7 dpc in the EiΔevpB, at 3 dpc
in EiΔevpBΔfur, at 7 dpc in EiΔevpBΔhfq and EiΔevpBΔfur and at 3 dpc in WT groups (Figure
1.3).
As for IL1- expression level in kidney, there were no significant differences at 6 hpc,
which was, followed by a dramatic increase in all groups, including WT and all LAVs at 1 dpc,
and expression levels were significantly different in all groups. The expression level of IL1-
was decreased at the following time points except that there was a slight peak at 7 dpc, at which
IL1- expression was significantly upregulated in the EiΔevpB and EiΔevpBΔfur groups. In
contrast, the expression levels of IL1- in AK exposed to WT was dramatically upregulated at 1
dpc, 3 dpc, and 7 dpc (Figure 1.4).
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MHC class II expression level in AK of catfish vaccinated with EiΔevpBΔfur,
EiΔevpBΔhfq, and wild type was increased dramatically at 6 hpc. On the other hand, there was
significant downregulation for all groups and WT strain at 1 dpc. At 3 dpc, the expression levels
of the MHC class II in AK of fish vaccinated with all LAVs were significantly higher compared
to WT and BHI exposed fish. In fish exposed to all the vaccine strains except EiΔevpBΔfur and
WT expression of MHC class II increased significantly at 7 dpc. At 14 d, downregulation in the
MHC class II expression levels was detected in all LAVs. At 21 dpc, the expression level of
MHC class II in the kidney of fish vaccinated with EiΔevpB and EiΔevpBΔhfq showed the same
pattern with 14-d (Figure 1.5).

Figure 1.1

Changes in the expression patterns of TNF- in the anterior kidney of channel
catfish challenged with E. ictaluri LAV and WT strains.

Data are represented as fold change difference of gene expression compared with values
obtained for control (uninfected catfish). Triplicates samples were analyzed from anterior kidney
of five catfish and represented as mean ± SD. Star sign indicates significant differences
compared to uninfected control (P < 0.05).
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Figure 1.2

Changes in the expression patterns of IL8 in the anterior kidney of channel catfish
challenged with E. ictaluri LAV and WT strains.

Data are represented as fold change difference of gene expression compared with values
obtained for control (uninfected catfish). Triplicates samples were analyzed from anterior kidney
of five catfish and represented as mean ± SD. Star sign indicates significant differences
compared to uninfected control (P < 0.05).
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Figure 1.3

Changes in the expression patterns of INF- in the anterior kidney of channel
catfish challenged with E. ictaluri LAV and WT strains.

Data are represented as fold change difference of gene expression compared with values
obtained for control (uninfected catfish). Triplicates samples were analyzed from anterior kidney
of five catfish and represented as mean ± SD. Star sign indicates significant differences
compared to uninfected control (P < 0.05).
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Figure 1.4

Changes in the expression patterns of IL1- in the anterior kidney of channel
catfish challenged with E. ictaluri LAV and WT strains.

Data are represented as fold change difference of gene expression compared with values
obtained for control (uninfected catfish). Triplicates samples were analyzed from anterior kidney
of five catfish and represented as mean ± SD. Star sign indicates significant differences
compared to uninfected control (P < 0.05).
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Figure 1.5

Changes in the expression patterns of MHC class II in the anterior kidney of
channel catfish challenged with E. ictaluri LAV and WT strains.

Data are represented as fold change difference of gene expression compared with values
obtained for control (uninfected catfish). Triplicates samples were analyzed from anterior kidney
of five catfish and represented as mean ± SD. Star sign indicates significant differences
compared to uninfected control (P < 0.05).

Spleen
The expression level of TNF- gene was increased dramatically in the spleen of catfish
that were exposed to EiΔevpB vaccine strains at 6 hpc. TNF- expression level in spleen
challenged with EiΔevpB and WT groups showed upregulation at 1 dpc. At 3 dpc and 7 dpc, no
significant differences were detected. At 14 dpc TNF- expression level increased dramatically
in all groups, reaching peak levels. After that TNF- expression levels were dropped, and no
significant differences were detected between treated and non-treated groups at 21 dpc (Figure
1.6).
22

IL8 expression levels in the catfish spleen were not changed in any groups at the early
phase of infection. IL8 expression level was significantly higher in the EiΔevpBΔfurΔhfq group
at 1 dpc. Significant increases in the IL8 expression in the spleen from catfish treated with
EiΔevpBΔfurΔhfq were evident at 3 dpc. In the WT group, the expression level of IL8 increased
significantly at all time points until all fish died. Most of the LAV strains except EiΔevpBΔhfq
did not show any significant differences in the expression level of IL8. However, EiΔevpBΔhfq
was relatively high at 14 dpc. No significant changes were recorded in IL8 expression for all
groups at 21 dpc (Figure 1.7).
In general, the expression level of INF- gene was high in the spleen of catfish that were
exposed to LAVs at 14 dpc. The expression level of INF- was increased dramatically in
EiΔevpBΔfur at 6 hpc and decreased steadily until 14 dpc where there was a considerable peak in
all groups. After this, INF- expression level went to the lowest levels. In contrast, INF-
expression level in spleen from catfish exposed to WT strain was only high at 6 hpc. There were
no significant differences in INF- expression levels in all groups at 1 dpc, 3 dpc, and 7 dpc.
(Figure 1.8).
The other proinflammatory cytokine IL1- expression was steady in all groups, except in
the WT group, until 14 dpc where the expression level of IL1- for all groups except
EiΔevpBΔfur peaked. In the WT group, IL1- expression level was very high at 3 dpc and
increased further at 7 dpc. At 21 dpc, IL1- expression was very low and was not significant in
all groups (Figure 1.9).
MHC class II expression in the spleen of channel catfish fingerlings vaccinated with
EiΔevpBΔhfq was upregulated dramatically at 6 hpc compared with the non-treated group. Most
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of our vaccine candidates except EiΔevpB showed a significant upward trend at 1 dpc, and
EiΔevpB did not show any significant differences at the same time point. Also, MHC class II
expression level of catfish fingerlings vaccinated with EiΔevpBΔhfq, EiΔevpBΔfurΔhfq, and WT
was upregulated at 3 dpc. EiΔevpBΔfurΔhfq and WT induce the MHC class II expression level
significantly in the spleen at 7 dpc. MHC class II was upregulated in catfish spleen vaccinated
with EiΔevpB and EiΔevpBΔhfq; however, other LAVs did not cause significant differences at
14 dpc. At 21 day post-vaccination, MHC class II expression was increased with EiΔevpBΔfur
and EiΔevpBΔfurΔhfq vaccinations of channel catfish fingerlings (Figure 1.10).

Figure 1.6

Changes in the expression patterns of TNF- in the spleen of channel catfish
challenged with E. ictaluri LAV and WT strains.

Data are represented as fold change difference of gene expression compared with values
obtained for control (uninfected catfish). Triplicates samples were analyzed from spleen of five
catfish and represented as mean ± SD. Star sign indicates significant differences compared to
uninfected control (P < 0.05).
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Figure 1.7

Changes in the expression patterns of IL8 in the spleen of channel catfish
challenged with E. ictaluri LAV and WT strains.

Data are represented as fold change difference of gene expression compared with values
obtained for control (uninfected catfish). Triplicates samples were analyzed from spleen of five
catfish and represented as mean ± SD. Star sign indicates significant differences compared to
uninfected control (P < 0.05).
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Figure 1.8

Changes in the expression patterns of INF- in the spleen of channel catfish
challenged with E. ictaluri LAV and WT strains.

Data are represented as fold change difference of gene expression compared with values
obtained for control (uninfected catfish). Triplicates samples were analyzed from spleen of five
catfish and represented as mean ± SD. Star sign indicates significant differences compared to
uninfected control (P < 0.05).
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Figure 1.9

Changes in the expression patterns of IL1- in the spleen of channel catfish
challenged with E. ictaluri LAV and WT strains.

Data are represented as fold change difference of gene expression compared with values
obtained for control (uninfected catfish). Triplicates samples were analyzed from spleen of five
catfish and represented as mean ± SD. Star sign indicates significant differences compared to
uninfected control (P < 0.05).
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Figure 1.10

Changes in the expression patterns of MHC class II in the spleen of channel catfish
challenged with E. ictaluri LAV and WT strains.

Data are represented as fold change difference of gene expression compared with values
obtained for control (uninfected catfish). Triplicates samples were analyzed from spleen of five
catfish and represented as mean ± SD. Star sign indicates significant differences compared to
uninfected control (P < 0.05).

Adaptive immune-related gene expression in Spleen and Anterior kidney
Anterior Kidney
We also assessed the expression levels of adaptive immune-related genes CD4-2, CD8-,
CD8-, and IgM, which are shown in Figure 1.11 - 1.14, respectively at 6 hpc, 1 dpc, 3 dpc, 7
dpc, 14 dpc, and 21 dpc compared with BHI exposed control group. The expression level of
CD4-2 was at the highest level and significantly increased in all groups in 6 hpc. Later,
expression levels declined. We did not observe significant differences in groups except
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EiΔevpBΔhfq at 1 dpc. At 3 dpc, the expression level of CD4-2 was increased significantly in the
EiΔevpBΔfur group. Furthermore, the expression level of CD4-2 was not changed in the same
organ from channel catfish exposed to our LAVs and WT strains at the later phase of infection
(Figure 1.11).
The CD8- expression level of channel catfish in AK, in general, was high at 6 hpc and 3
dpc. Expression levels of CD8- was not changed in EiΔevpBΔfur at 6 hpc. Surprisingly, at 1
dpc there were no significant differences in all our groups. EiΔevpB and EiΔevpBΔfur exposure
caused increased expression level of CD8- at 3 dpc. After 7 dpc, no significant changes were
recorded in the expression level of CD8- in AK challenged with all groups (Figure 1.12).
The peak point of the expression levels of CD8- gene was at 6 hpc in all groups; some
also had another peak at 7 dpc. All vaccine exposed fish showed significantly upregulated CD8 expression at 6 hpc. No significant changes were recorded at 1 dpc and 3 dpc in all groups. The
expression levels of CD8- were upregulated in EiΔevpBΔfur and EiΔevpBΔfurΔhfq groups at 7
dpc. No significant changes in all groups compared to control groups were noted at 14 dpc and
21 dpc for CD8- expression levels (Figure 1.13).
The expression of IgM levels was evaluated, which reflects B cell activation. In general,
IgM expression levels were slightly higher at 6 hpc, 3dpc, and 7 dpc. EiΔevpB, EiΔevpBΔfur,
and EiΔevpBΔhfq groups showed significant upregulation at 6 hpc. Expression levels of IgM in
AK vaccinated with our LAVs and WT were elevated at 3 dpc and 7 dpc. The expression level of
IgM in the catfish AK vaccinated with our LAVs and WT did not change at the later stage of
infection (Figure 1.14).
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Figure 1.11

Changes in the expression patterns of CD4-2 in the anterior kidney of channel
catfish challenged with E. ictaluri LAV and WT strains.

Data are represented as fold change difference of gene expression compared with values
obtained for control (uninfected catfish). Triplicates samples were analyzed from anterior kidney
of five catfish and represented as mean ± SD. Star sign indicates significant differences
compared to uninfected control (P < 0.05).
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Figure 1.12

Changes in the expression patterns of CD8- in the anterior kidney of channel
catfish challenged with E. ictaluri LAV and WT strains.

Data are represented as fold change difference of gene expression compared with values
obtained for control (uninfected catfish). Triplicates samples were analyzed from anterior kidney
of five catfish and represented as mean ± SD. Star sign indicates significant differences
compared to uninfected control (P < 0.05).

31

Figure 1.13

Changes in the expression patterns of CD8- in the anterior kidney of channel
catfish challenged with E. ictaluri LAV and WT strains.

Data are represented as fold change difference of gene expression compared with values
obtained for control (uninfected catfish). Triplicates samples were analyzed from anterior kidney
of five catfish and represented as mean ± SD. Star sign indicates significant differences
compared to uninfected control (P < 0.05).
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Figure 1.14

Changes in the expression patterns of IgM in the anterior kidney of channel catfish
challenged with E. ictaluri LAV and WT strains.

Data are represented as fold change difference of gene expression compared with values
obtained for control (uninfected catfish). Triplicates samples were analyzed from anterior kidney
of five catfish and represented as mean ± SD. Star sign indicates significant differences
compared to uninfected control (P < 0.05).

Spleen
The expression level of the adaptive immune response-related genes in the spleen was
different than anterior kidney expression level results. In general, the expression level of CD4-2
in spleen was very low at early time points, and it peaked dramatically at 14 dpc. The expression
level was upregulated significantly for most of our LAV candidates except EiΔevpBΔhfq at 1
dpc. Significant increases in the CD4-2 expression for all treated groups and WT exposed group
were detected at 14 dpc.No significant changes were evident for CD4-2 expression level at 6
hpc, 3 dpc, 7 dpc, and 21 dpc (Figure 1.15).
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CD8- expression was similar to CD4-2 expression. We observed low-level expression
without a significant difference early, except that only the EiΔevpBΔhfq group showed a
considerable increase at 3 dpc. The expression level of CD8- in spleen of catfish vaccinated
with all LAVs was dramatically increased at 14 dpc, and there were no significant differences at
CD8- expression level at 6 hpc, 1 dpc, 7 dpc, and 21 dpc (Figure 1.16).
In general, the expression of CD8- in the spleen showed elevated levels at 1 dpc and 14
dpc. The expression of CD8- in the spleen exposed to EiΔevpB, EiΔevpBΔfur,
EiΔevpBΔfurΔhfq, and WT increased dramatically at 1 dpc. A similar increase was also observed
in all vaccine exposed groups at 14 dpc. No significant changes for our LAVs were recorded at 6
hpc, 3 dpc, 7dpc, and 21 dpc. However, the expression level of CD8- increased in the spleen
exposed to WT at 7 dpc (Figure 1.17).
IgM expression levels were assessed to measure B cell activation in the spleen. The
expression level of IgM was elevated in spleen vaccinated with EiΔevpBΔhfq at an early stage of
6 hpc. At 1 dpc, increased expression was observed in EiΔevpBΔfurΔhfq groups and at 14 dpc,
increased expression was observed in EiΔevpB and EiΔevpBΔfurΔhfq. At 21 d, there were no
significant differences between our treated and non-treated groups. In the WT group, the
expression of IgM increased at all time points until fish died (Figure 1.18).

34

Figure 1.15

Changes in the expression patterns of CD4-2 in the spleen of channel catfish
challenged with E. ictaluri LAV and WT strains.

Data are represented as fold change difference of gene expression compared with values
obtained for control (uninfected catfish). Triplicates samples were analyzed from spleen of five
catfish and represented as mean ± SD. Star sign indicates significant differences compared to
uninfected control (P < 0.05).
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Figure 1.16

Changes in the expression patterns of CD8- in the spleen of channel catfish
challenged with E. ictaluri LAV and WT strains.

Data are represented as fold change difference of gene expression compared with values
obtained for control (uninfected catfish). Triplicates samples were analyzed from spleen of five
catfish and represented as mean ± SD. Star sign indicates significant differences compared to
uninfected control (P < 0.05).

36

Figure 1.17

Changes in the expression patterns of CD8- in the spleen of channel catfish
challenged with E. ictaluri LAV and WT strains.

Data are represented as fold change difference of gene expression compared with values
obtained for control (uninfected catfish). Triplicates samples were analyzed from spleen of five
catfish and represented as mean ± SD. Star sign indicates significant differences compared to
uninfected control (P < 0.05).
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Figure 1.18

Changes in the expression patterns of IgM in the spleen of channel catfish
challenged with E. ictaluri LAV and WT strains.

Data are represented as fold change difference of gene expression compared with values
obtained for control (uninfected catfish). Triplicates samples were analyzed from spleen of five
catfish and represented as mean ± SD. Star sign indicates significant differences compared to
uninfected control (P < 0.05).

All vaccines did not cause any clinical signs or mortalities; however, wild-type exhibited
clinical signs of the acute form of the disease, including swollen abdomen, petechial
hemorrhages in internal organs and skin. Samples were collected from the WT group until 7 dpc,
after which all catfish died. Therefore, we were not able to assess gene expression at 14 dpc and
21 dpc (Figure 1.19 and 1.20).
Overall changes in the expression levels of innate and adaptive genes in AK and spleen
of channel catfish vaccinated with LAVs and exposed to WT are shown in figure 1.19 and figure
1.20. In AK, the expression trends for LAVs were similar to each other, with some exceptions
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(Figure 1.19). In spleen, all LAVs induced expression levels of adaptive immune-related genes at
the late stages of the disease (Figure 1.20).

Figure 1.19

Overall changes in the expression patterns of immune-related genes in the AK of
channel catfish challenged with E. ictaluri LAV and WT strains

Summary of the expression levels of innate and adaptive immune-related genes in AK of catfish
challenged with LAVs and WT at different time points (6hpc, 1dpc, 3dpc, 7dpc, 14dpc, and 21
dpc). The green color shows significant upregulation, the red color shows significant
downregulation, the gray color indicates changes that are not significant, and the black color
indicates no samples were collected because of mortality (P < 0.05).
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Figure 1.20

Overall changes in the expression patterns of immune-related genes in the spleen
of channel catfish challenged with E. ictaluri LAV and WT strains

Summary of the expression levels of innate and adaptive immune-related genes in the spleen of
catfish challenged with LAVs and WT at different time points (6hpc, 1dpc, 3dpc, 7dpc, 14dpc,
and 21 dpc). The green color shows significant upregulation, the red color shows significant
downregulation, the gray color indicates changes that are not significant, and the black color
indicates no samples were collected because of mortality (P < 0.05).

IgM titers in catfish sera
The humoral immune responses in channel catfish vaccinated with LAVs (EiΔevpB,
EiΔevpBΔfur, EiΔevpBΔhfq, and EiΔevpBΔfurΔhfq) were assessed by measuring E. ictaluri
spesific the serum IgM levels by ELISA. In general, IgM levels increased slightly at 6 hpc and 1
dpc, but were no significant changes in all groups compared to the BHI exposed group. After a
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slight decrease at 3 dpc, IgM levels increased at 7 and 14 dpc, surpassing the previous time
points. At 21 dpc, IgM levels were similar to 7 dpc. At the early time points, there were no
significant differences in antibody titers in the serum of catfish challenged with all LAVs and
WT. At 3 dpc, EiΔevpB and EiΔevpBΔfur had significantly increased E. ictaluri specific IgM
compared with negative control (Figure 1.21). The expression levels of all LAV groups were
significantly increased at later time points of 7 dpc, 14dpc, and 21 dpc. A significant increase in
the amount of E. ictaluri specific IgM in sera of catfish exposed to WT strain was found at 7 dpc,
which was the last sampling day for the WT group because all catfish died. Hence, in the WT
exposed catfish, we were not able to evaluate IgM levels at 14 dpc and 21 dpc (Figure 1.21).

Figure 1.21

E. ictaluri specific IgM levels in the serum of channel catfish challenged with E.
ictaluri LAV and WT strains.

Absorption levels were compared to control (uninfected catfish). Triplicate serum samples were
analyzed from five fish. Star indicates significant differences (P < 0.05).
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We also compared our ELISA results in each group by time. In general, we observed that
IgM titers elevated at all time points. An exception was at 3 dpc when IgM levels were equal or
slightly lower than that of 6 hpc. Also, at 21 dpc, although the IgM levels were higher compared
to early time points. IgM levels were lower than that of 14 dpc. The significance levels are
marked in Figure 1.22.
IgM levels of the sera of channel catfish challenged with EiΔevpB and EiΔevpBΔfur
between first and third-time points did not show any significant change, and IgM levels slightly
increased at 7 dpc. Moreover, for the same vaccine groups, there were no significant differences
in IgM levels between 1 dpc and 7 dpc, and they reached their peak at 14 dpc followed by a
decrease at 21 dpc. As for EiΔevpBΔhfq and EiΔevpBΔfurΔhfq, the absorbance level was
increased significantly from 6 hpc to 1 dpc followed by a significant reduction at 3 dpc. Both
groups showed a significant increase at 7 dpc. However, there were no significant changes in the
E. ictaluri specific IgM levels from the serum of catfish vaccinated with EiΔevpBΔfurΔhfq
between 1 dpc, 7 dpc, and 21 dpc and vaccinated with EiΔevpBΔhfq between 1 dpc and 21 dpc.
Moreover, IgM levels were highest at 14 dpc and this time point was significantly changed
compared with other time points. No significant differences were detected in serum E. ictaluri
specific IgM levels for WT groups between 6 hpc and 1 dpc. Furthermore, there were significant
decreases at 14 dpc compared with the first two time-point. IgM levels on blood exposed to WT
strain was highest at 7 dpc. We could not evaluate the other 2 time-points because of acute
mortality (Figure 1.22).
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Figure 1.22

E. ictaluri specific IgM levels on the blood of channel catfish challenged with E.
ictaluri LAVs.

Absorption levels were compared to each other at each time point. Triplicate serum samples
were analyzed from five fish. Star indicates significant differences (P < 0.05).
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Discussion
Enteric septicemia of catfish is one of the most important diseases of farm-raised channel
catfish, and vaccination by immersion using live attenuated E.ictaluri strains could significantly
reduce the impact of the disease (Abdelhamed, Lawrence, and Karsi 2018; Hawke et al. 1981;
Shoemaker, Klesius, and Bricker 1999). Innate immune responses are activated by pattern
recognition receptors (PRRs) that recognize pathogen-associated molecular patterns (PAMPs) or
danger-associated molecular patterns (DAMPs) (Mogensen 2009). Moreover, proinflammatory
cytokines are critical elements for the initiation of effective innate immune responses.
Proinflammatory cytokines and chemokines are mediators of the inflammation and recruit
additional immune cells to the site of infection (Alejo and Tafalla 2011; Secombes and Wang
2012; Secombes, Wang, and Bird 2011). Innate immune responses activate the adaptive immune
responses. When the innate immune responses are not efficient to clear the infection, adaptive
immune responses take a role in the host defense system. Adaptive immunity consists of two
components: cell-mediated responses (T and B cells) and humoral responses (antibodies). T cells
are the most important cells to initiate and control adaptive immune responses. There are two
types of specific T cells, helper T cells (Th) and cytotoxic T cells (CTLs). Both Th and CTL
have been described in teleost fish and their functions shown to be similar to the functions of
mammalian Th and CTLs (Kordon et al. 2019; Secombes and Wang 2012). Moreover, mature Bcells differentiate into plasma cells. The other components of adaptive immune responses are
antibodies secreted by plasma cells that take part in adaptive immune responses (Mashoof &
Criscitiello, 2016; Wilson & Warr, 1992).
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The goal of the current research was to assess the expression levels of innate and adaptive
immune-related genes in lymphoid organs of channel catfish challenged with E. ictaluri LAV
and WT strains.
The expression levels of TNF- of EiΔevpB showed different patterns compared to other
LAVs in vaccinated catfish. In particular, the expression levels of TNF- were dramatically
increased at 6 hpc, 1 dpc, and 14 dpc in the spleen of fish challenged with EiΔevpB. However,
the EiΔevpB-dependent TNF- increase was documented at 6 h only in the AK. The TNF-
expression was elevated in the spleen of catfish challenged with EiΔevpBΔfur, EiΔevpBΔhfq,
and EiΔevpBΔfurΔhfq. On the other hand, E. ictaluri WT induced the expression levels of TNF at 1 dpc in the spleen of catfish. The EiΔevpB-induced TNF- expression patterns did not
resemble the patterns induced by EiΔevpBΔfur, EiΔevpBΔhfq, and EiΔevpBΔfurΔhfq. A
previous study showed that the expression level of TNF- was increased after 1 dpc in the
kidney of tilapia challenged with E. tarda LAV and between 24 hpc and 96 hpc in the spleen of
tilapia with same vaccine (Wu et al. 2018). These data are in accord with our previous
observation on the EiΔevpB LAV effects on the TNF- expression patterns in the lymphoid
organs of catfish (Kordon et al. 2019). The expression of the proinflammatory chemokine IL8
was elevated dramatically in the AK of fish challenged with EiΔevpB, and EiΔevpBΔfur LAVs at
3 dpc, however, no changes of the chemokine expression have been documented in the spleen.
The expression of the proinflammatory chemokine IL8 was dramatically raised in the AK
of fish challenged with EiΔevpB, and EiΔevpBΔfur LAVs at 3 dpc; however, no changes of the
chemokine expression have been documented in the spleen. Interestingly, EiΔevpBΔhfq LAV
induced the expression levels of IL8 at 6 hpc in the AK; however, expression increases were
observed at 3 dpc and 14 dpc in the spleen. The EiΔevpBΔfurΔhfq did not induce any changes in
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IL8 expression in both lymphoid tissues other than at 1 dpc in the spleen. However, the
expression levels of IL8 in immune-related tissues of channel catfish fingerlings exposed to WT
were relatively high at 1 dpc, 3 dpc, and 7 dpc in the AK and at 3 dpc and 7 dpc in the spleen.
The expression of IL1- in was mainly high at the early time points in the AK and the
late stage of infection in the spleen of catfish challenged with LAVs and E. ictaluri WT.
However, the IL1- expression levels in immune-related organs of catfish exposed to LAVs
were significantly decreased compared to their WT counterpart. Also, our group described the
bacterial load in different organs at different time points during E. ictaluri infection (Karsi,
Menanteau-Ledouble, and Lawrence 2006). Previous studies showed that IL-1β expression
increased in the immune-related organs of gilthead seabream in V. anguillarum infection, and IL8 expression was elevated significantly in the spleen of the three-striped trumpeter in response to
ectoparasitic infection(Angosto et al. 2014; Covello et al. 2009). Other studies support our
findings that proinflammatory cytokines induced the elevation of expression at the early phase of
the Yersinia ruckeri infection in rainbow trout (Harun, Wang, and Secombes 2011; Raida and
Buchmann 2009). Another study showed that expression levels of proinflammatory cytokines
(TNF-a, IL1-b, and IL8) were upregulated at 3-10 days during infectious hematopoietic necrosis
virus (IHNV) in vaccinated rainbow trout (Purcell et al. 2004).
Our data showed that the expression levels of IFN- were elevated at the early stage in
AK and later stage in the spleen at 14 dpc for all LAV vaccinated groups. Our previous study
showed that a significant increase in the activity of the INF-  gene correlated with the increased
numbers of L/CD207+ DC-like cells in the AK of catfish at the early phase of infection (Kordon
et al. 2019). Also, these findings support the previous observation that cytokines genes related to
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adaptive immune responses were upregulated in Y. ruckeri infection in rainbow trout (Raida and
Buchmann 2009).
We determined the expression level of the CD4-2, CD8-, and CD8- in AK and spleen.
Interestingly, the adaptive immune-related gene expression was increased dramatically in both
AK and spleen. Expressions of CD4-2 and CD8- genes in the spleen exposed to EiΔevpB,
EiΔevpBΔfur, EiΔevpBΔfurΔhfq, and WT strain were increased at 1 dpc. The expression levels
of CD4-2, CD8-, and CD8- genes in the spleen vaccinated with all LAVs were significantly
increased at 14 dpc, but in the AK at the early stage of challenge. Moreover, the CD4-2, CD8-,
and CD8- expression patterns in the immune-related organs of catfish challenged with the
LAVs and WT strain resembled the patterns of IFN- expressions in those organs. These data
suggest that the LAVs initiated the adaptive immune responses on channel catfish. We could not
determine the expression level of adaptive immune genes in catfish exposed to WT strain
because fish died after 7 dpc. Other studies showed that CD4 and CD8 expression increased in
the spleen of rainbow trout in Y. ruckeri infection with bath vaccination (Raida and Buchmann
2008). Our data suggest that our LAV strains were able to induce adaptive immune responses.
The expression levels of MHC class II gene were upregulated at multiple time points in
the channel catfish spleen challenged with all LAVs. All LAVs, and WT strain with one
exception of EiΔevpB, induced upregulated IgM expression in the spleen at the early time points
of the challenge. On the other hand, all LAVs induced expression levels of IgM in the spleen at
the late stage of the challenge. The IgM expression was at 6 h, 3 d, and 7 dpc and decreased at 1
d, 14d, and 21 dpc with most LAVs. These data could be explained that MHC class II secreted
by different cells like B-cells, macrophages, and dendritic cells. MHC class II expression was
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upregulated in the spleen of miiuy croaker (Xu et al. 2011) and vaccinated trout (Raida and
Buchmann 2008).
Catfish has two different antibodies (IgM and IgD). IgM is the major antibody in channel
catfish and contributes to adaptive immune response. In this study, we determined the expression
levels of the IgM gene in AK and spleen with qPCR and antibodies in the serum with ELISA.
We demonstrated that IgM expression levels were induced with EiΔevpBΔhfq and
EiΔevpBΔfurΔhfq at the early time points and with both, EiΔevpB and EiΔevpBΔhfq at the late
phase in the spleen. Furthermore, all LAVs strain significantly elevated the IgM expression at the
early stage of the diseases in the AK. On the other hand, WT at 7 dpc significantly induced the
upregulation of IgM expression in the spleen and AK. These data suggest that the initiation of
humoral immune responses differed between the LAVs and WT strain. The increased IgM
expression was detected in immune-related genes in rainbow trout vaccinated against infectious
pancreatic necrosis virus (Ballesteros et al. 2012), and IgM expression levels was upregulated in
rainbow trout immunized with DNA vaccines against IHNV infection (Purcell et al. 2006).
We also measured the relative amount of E.ictaluri specific IgM in the sera of catfish.
The levels of IgM at 3 dpc with EiΔevpB and EiΔevpBΔfur in the sera of catfish followed by the
increases at 7 d, 14 d, and 21 dpc with all LAVs in the sera. As expected, IgM level reached
significantly higher numbers at 14 dpc with all LAVs compared to the numbers at the earlier
time points suggesting the development of humoral immune responses.
In conclusion, our data showed that the recently developed LAVs, EiΔevpB,
EiΔevpBΔfur, EiΔevpBΔhfq, and EiΔevpBΔfurΔhfq, induced the expression of Th1 type
cytokine INF- and specific T cell-related genes, CD4-2, CD8-α, and CD8-β in channel catfish
lymphoid organs suggesting their activation of naïve T cells in the spleen thus inducing
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protective adaptive immune responses. Moreover, our data showed that the novel LAVs
activated B cells to secrete IgM.
Conclusion
The LAV strains induce the expression levels of innate immune-related genes slightly
(TNF-, IL1-, IL8, MHC-II, IFN-) and can augment the activity of adaptive immune-related
genes (CD4-2, CD8-, CD8- and IgM) in lymphoid organs. In contrast, the WT strain
significantly induced the upregulation of proinflammatory cytokines and chemokines in
lymphoid organs of catfish. Also, vaccination with LAVs resulted in increased antibody titer in
catfish sera. Efficacous LAV strains activate the adaptive immunity by promoting T and B cell
mediated immune responses and humoral immune responses. The expression levels of
proinflammatory cytokines and chemokines in kidney, which is the first target organ, vaccinated
with LAVs was increased slightly at early sampling days. The expression levels of T cell-related
genes, CD4-2, CD8-α, and CD8-β, significantly increased in all treatment groups in the spleen at
the late phase of infection. These results indicated that our LAVs could trigger the expression of
T cell-related genes and IgM and did not cause inflammation like WT. Therefore, our LAVs
show potential for providing appropriate protective immune responses against ESC.

49

REFERENCES
Abdelhamed, H., M.L. Lawrence, and A. Karsi. 2018. “Development and Characterization of a
Novel Live Attenuated Vaccine against Enteric Septicemia of Catfish.” Frontiers in
Microbiology 9(AUG).
Abdelhamed, Hossam et al. 2018. “The Virulence and Immune Protection of Edwardsiella
Ictaluri HemR Mutants in Catfish.” Fish and Shellfish Immunology.
Abdelhamed, Hossam, Mark L. Lawrence, and Attila Karsi. 2018. “Development and
Characterization of a Novel Live Attenuated Vaccine against Enteric Septicemia of
Catfish.” Frontiers in Microbiology 9(AUG): 2019.
Acton, R. T. et al. 1971. “Tetrameric Immune Macroglobulins in Three Orders of Bony Fishes.”
Proceedings of the National Academy of Sciences of the United States of America.
AINSWORTH, A. J., G. CAPLEY, P. WATERSTREET, and D. MUNSON. 1986. “Use of
Monoclonal Antibodies in the Indirect Fluorescent Antibody Technique (IFA) for the
Diagnosis of Edwardsiella Ictaluri.” Journal of Fish Diseases.
Akira, Shizuo, Satoshi Uematsu, and Osamu Takeuchi. 2006. “Pathogen Recognition and Innate
Immunity.” Cell.
Alejo, Alí, and Carolina Tafalla. 2011. “Chemokines in Teleost Fish Species.” Developmental
and Comparative Immunology.
Andersen, Mads Hald, David Schrama, Per Thor Straten, and Jürgen C. Becker. 2006.
“Cytotoxic T Cells.” Journal of Investigative Dermatology.
Angosto, Diego et al. 2014. “Identification and Functional Characterization of a New IL-1
Family Member, IL-1Fm2, in Most Evolutionarily Advanced Fish.” Innate Immunity.
Baldwin, Thomas J., and Joseph C. Newton. 1993. “Pathogenesis of Enteric Septicemia of
Channel Catfish, Caused by Edwardsiella Ictaluri: Bacteriologic and Light and Electron
Microscopic Findings.” Journal of Aquatic Animal Health.
Ballesteros, Natalia A. et al. 2012. “Oral Immunization of Rainbow Trout to Infectious
Pancreatic Necrosis Virus (Ipnv) Induces Different Immune Gene Expression Profiles in
Head Kidney and Pyloric Ceca.” Fish and Shellfish Immunology.

50

Bertolini, M et al. 1990. “Serological Septicemia Investigation of the Cause Pathogen of
Enteric.” 26(2): 246–52.
Bly, Jan E., and L. William Clem. 1991. “Temperature-Mediated Processes in Teleost Immunity:
In Vitro Immunosuppression Induced by in Vivo Low Temperature in Channel Catfish.”
Veterinary Immunology and Immunopathology.
Boshra, H., J. Li, and J. O. Sunyer. 2006. “Recent Advances on the Complement System of
Teleost Fish.” In Fish and Shellfish Immunology,.
Covello, J. M. et al. 2009. “Cloning and Expression Analysis of Three Striped Trumpeter (Latris
Lineata) proinflammatory Cytokines, TNF-α, IL-1β and IL-8, in Response to Infection by
the Ectoparasitic, Chondracanthus Goldsmidi.” Fish and Shellfish Immunology.
Crumlish, M. et al. 2002. “Identification of Edwardsiella Ictaluri from Diseased Freshwater
Catfish, Pangasius Hypophthalmus (Sauvage), Cultured in the Mekong Delta, Vietnam.”
Journal of Fish Diseases 25(12): 733–36.
Danilova, Nadia, Jeroen Bussmann, Kerstin Jekosch, and Lisa A. Steiner. 2005. “The
Immunoglobulin Heavy-Chain Locus in Zebrafish: Identification and Expression of a
Previously Unknown Isotype, Immunoglobulin Z.” Nature Immunology.
Ellis, A. E. 2001. “Innate Host Defense Mechanisms of Fish against Viruses and Bacteria.”
Developmental and Comparative Immunology.
Francis-Floyd, R., M. H. Beleau, P. R. Waterstrat, and P. R. Bowser. 1987. “Effect of Water
Temperature on the Clinical Outcome of Infection with Edwardsiella Ictaluri in Channel
Catfish.” Journal of the American Veterinary Medical Association 191(11): 1413–16.
Harrison, Alistair et al. 2013. “Ferric Uptake Regulator and Its Role in the Pathogenesis of
Nontypeable Haemophilus Influenzae.” Infection and Immunity.
Harun, Nor Omaima, Tiehui Wang, and Chris J. Secombes. 2011. “Gene Expression Profiling in
Naïve and Vaccinated Rainbow Trout after Yersinia Ruckeri Infection: Insights into the
Mechanisms of Protection Seen in Vaccinated Fish.” Vaccine.
Hawke, J. P., A. C. McWhorter, A. G. Steigerwalt, and D. J. Brenner. 1981. “Edwardsiella
Ictaluri Sp. Nov., the Causative Agent of Enteric Septicemia of Catfish.” International
Journal of Systematic Bacteriology.
Hawke, J.P. et al. 2013. “Edwardsiellosis Caused by Edwardsiella Ictaluri in Laboratory
Populations of Zebrafish Danio Rerio.” Journal of Aquatic Animal Health 25(3): 171–83.
Hawke, J P, A. C. McWhorter, A. G. Steigerwalt, and D. J. Brenner. 1981. “Edwardsiella Ictaluri
Sp. Nov., the Causative Agent of Enteric Septicemia of Catfish.” International Journal of
Systematic Bacteriology 31(4): 396–400.
51

Hawke, John P. 1979. “A Bacterium Associated with Disease of Pond Cultured Channel Catfish,
Ictalurus Punctatus.” Journal of the Fisheries Research Board of Canada 36(12): 1508–
12.
J. R. MacMillan. 1985. “Infectious Diseases in Channel Catfish Culture.” Elsevier Science
Publishers 405–496.
Kalindamar, Safak et al. 2020. “Edwardsiella Ictaluri EvpP Is Required for Colonisation of
Channel Catfish Ovary Cells and Necrosis in Anterior Kidney Macrophages.” Cellular
Microbiology.
Kanamaru, Shuji. 2009. “Structural Similarity of Tailed Phages and Pathogenic Bacterial
Secretion Systems.” Proceedings of the National Academy of Sciences 106(11): 4067 LP
– 4068. http://www.pnas.org/content/106/11/4067.abstract.
Karsi, A. Waldbieser, Geoffrey C., Brian C. Small, Zhanjiang Liu, and William R. Wolters.
2004. “Molecular Cloning of Proopiomelanocortin CDNA and Multi-Tissue MRNA
Expression in Channel Catfish.” General and Comparative Endocrinology.
Karsi, A., S. Menanteau-Ledouble, and M.L. Lawrence. 2006. “Development of Bioluminescent
Edwardsiella Ictaluri for Noninvasive Disease Monitoring.” FEMS Microbiology Letters
260(2): 216–23.
Karsi, Attila, Simon Menanteau-Ledouble, and Mark L. Lawrence. 2006. “Development of
Bioluminescent Edwardsiella Ictaluri for Noninvasive Disease Monitoring.” FEMS
Microbiology Letters.
Kordon, A.O. et al. 2019. “Assessment of the Live Attenuated and Wild-Type Edwardsiella
Ictaluri-Induced Immune Gene Expression and Langerhans-like Cell Profiles in the
Immune-Related Organs of Catfish.” Frontiers in Immunology 10(MAR).
Kordon, Adef O. et al. 2019. “Assessment of the Live Attenuated and Wild-Type Edwardsiella
Ictaluri-Induced Immune Gene Expression and Langerhans-like Cell Profiles in the
Immune-Related Organs of Catfish.” Frontiers in Immunology.
Laing, Kerry J. et al. 2002. “Identification and Analysis of an Interleukin 8-like Molecule in
Rainbow Trout Oncorhynchus Mykiss.” Developmental and Comparative Immunology.
Laing, Kerry J., and John D. Hansen. 2011. “Fish T Cells: Recent Advances through Genomics.”
Developmental and Comparative Immunology.
Lam, S. H. et al. 2004. “Development and Maturation of the Immune System in Zebrafish, Danio
Rerio: A Gene Expression Profiling, in Situ Hybridization and Immunological Study.”
Developmental and Comparative Immunology.

52

Lawrence, M.L., and M.M. Banes. 2005. “Tissue Persistence and Vaccine Efficacy of an O
Polysaccharide Mutant Strain of Edwardsiella Ictaluri.” Journal of Aquatic Animal
Health 17(3): 228–32.
Lawrence, Mark L., Richard K. Cooper, and Ronald L. Thune. 1997. “Attenuation, Persistence,
and Vaccine Potential of an Edwardsiella Ictaluri PurA Mutant.” Infection and Immunity.
Leal, Esther, Aitor G. Granja, Carlos Zarza, and Carolina Tafalla. 2016. “Distribution of T Cells
in Rainbow Trout (Oncorhynchus Mykiss) Skin and Responsiveness to Viral Infection.”
PloS one.
Liu, J.Y. et al. 2010. “Isolation and Characterization of Edwardsiella Ictaluri Strains as
Pathogens from Diseased Yellow Catfish Pelteobagrus Fulvidraco (Richardson) Cultured
in China.” Aquaculture Research 41(12): 1835–44.
MacLeod, Megan K.L., John W. Kappler, and Philippa Marrack. 2010. “Memory CD4 T Cells:
Generation, Reactivation and Re-Assignment.” Immunology.
Magnadottir, Bergljot. 2010. “Immunological Control of Fish Diseases.” Marine Biotechnology.
Mashoof, Sara, and Michael F. Criscitiello. 2016. “Fish Immunoglobulins.” Biology.
McHeyzer-Williams, Louise J., and Michael G. McHeyzer-Williams. 2005. “ANTIGENSPECIFIC MEMORY B CELL DEVELOPMENT.” Annual Review of Immunology.
Milev-Milovanovic, Ivanka et al. 2006. “Identification and Expression Analysis of Interferon
Gamma Genes in Channel Catfish.” Immunogenetics.
Mogensen, Trine H. 2009. “Pathogen Recognition and Inflammatory Signaling in Innate Immune
Defenses.” Clinical Microbiology Reviews.
Moore, M.M., D.L. Fernandez, and R.L. Thune. 2002. “Cloning and Characterization of
Edwardsiella Ictaluri Proteins Expressed and Recognized by the Channel Catfish
Ictalurus Punctatus Immune Response during Infection.” Diseases of Aquatic Organisms
52(2): 93–107.
Mukaida, Naofumi, Akihisa Harada, and Kouji Matsushima. 1998. “Interleukin-8 (IL-8) and
Monocyte Chemotactic and Activating Factor (MCAF/MCP-1), Chemokines Essentially
Involved in Inflammatory and Immune Reactions.” Cytokine and Growth Factor
Reviews.
Nakanishi, Teruyuki, Yasuhiro Shibasaki, and Yuta Matsuura. 2015. “T Cells in Fish.” Biology.
Nakanishi, Teruyuki, Hideaki Toda, Yasuhiro Shibasaki, and Tomonori Somamoto. 2011.
“Cytotoxic T Cells in Teleost Fish.” Developmental and Comparative Immunology.

53

Newton, J. C., L. G. Wolfe, J. M. Grizzle, and J.A. Plumb. 1989. “Pathology of Experimental
Enteric Septicaemia in Channel Catfish, Ictalurus Punctatus (Rafinesque), Following
Immersion‐exposure to Edwardsiella Ictaluri.” Journal of Fish Diseases.
Parra, David, Tomáš Korytář, Fumio Takizawa, and J. Oriol Sunyer. 2016. “B Cells and Their
Role in the Teleost Gut.” Developmental and Comparative Immunology.
Phillips, A.C.N., S.R. Reichley, C. Ware, and M.J. Griffin. 2017. “Edwardsiella Ictaluri Infection
in Pangasius Catfish Imported from West Bengal into the Southern Caribbean.” Journal
of Fish Diseases 40(6): 743–56.
Pleguezuelos, O., J. Zou, C. Cunningham, and C. J. Secombes. 2000. “Cloning, Sequencing, and
Analysis of Expression of a Second IL-1β Gene in Rainbow Trout (Oncorhynchus
Mykiss).” Immunogenetics.
Pukatzki, Stefan et al. 2006. “Identification of a Conserved Bacterial Protein Secretion System in
Vibrio Cholerae Using the Dictyostelium Host Model System.” Proceedings of the
National Academy of Sciences of the United States of America.
Purcell, Maureen K. et al. 2004. “Quantitative Expression Profiling of Immune Response Genes
in Rainbow Trout Following Infectious Haematopoietic Necrosis Virus (IHNV) Infection
or DNA Vaccination.” Fish and Shellfish Immunology.
———. 2006. “Comprehensive Gene Expression Profiling Following DNA Vaccination of
Rainbow Trout against Infectious Hematopoietic Necrosis Virus.” Molecular
Immunology.
Raida, M. K., and K. Buchmann. 2008. “Bath Vaccination of Rainbow Trout (Oncorhynchus
Mykiss Walbaum) against Yersinia Ruckeri: Effects of Temperature on Protection and
Gene Expression.” Vaccine.
Raida, Martin Kristian, and Kurt Buchmann. 2009. “Innate Immune Response in Rainbow Trout
(Oncorhynchus Mykiss) against Primary and Secondary Infections with Yersinia Ruckeri
O1.” Developmental and Comparative Immunology.
Rauta, Pradipta R., Bismita Nayak, and Surajit Das. 2012. “Immune System and Immune
Responses in Fish and Their Role in Comparative Immunity Study: A Model for Higher
Organisms.” Immunology Letters.
Robertsen, Børre. 2006. “The Interferon System of Teleost Fish.” In Fish and Shellfish
Immunology,.
Roier, Sandro et al. 2016. “A Novel Mechanism for the Biogenesis of Outer Membrane Vesicles
in Gram-Negative Bacteria.” Nature Communications.
Rombout, J. H.W.M., H. B.T. Huttenhuis, S. Picchietti, and G. Scapigliati. 2005. “Phylogeny and
Ontogeny of Fish Leucocytes.” Fish and Shellfish Immunology.
54

Ruddle, Nancy H., and Eitan M. Akirav. 2009. “Secondary Lymphoid Organs: Responding to
Genetic and Environmental Cues in Ontogeny and the Immune Response.” The Journal
of Immunology.
Sakaguchi, Shimon, Tomoyuki Yamaguchi, Takashi Nomura, and Masahiro Ono. 2008.
“Regulatory T Cells and Immune Tolerance.” Cell.
Sakai, Takamitsu et al. 2008. “Outbreaks of Edwardsiella Ictaluri Infection in Ayu Plecoglossus
Altivelis in Japanese Rivers.” Fish Pathology 43(4): 152–57.
Sallusto, Federica, and Antonio Lanzavecchia. 2009. “Heterogeneity of CD4+ Memory T Cells:
Functional Modules for Tailored Immunity.” European Journal of Immunology.
Samuel, C. E. 2001. “Antiviral Actions of Interferons.” Clinical Microbiology Reviews.
Sangrador-Vegas, Amaia, Jessica B. Lennington, and Terry J. Smith. 2002. “Molecular Cloning
of an IL-8-like CXC Chemokine and Tissue Factor in Rainbow Trout (Oncorhynchus
Mykiss) by Use of Suppression Subtractive Hybridization.” Cytokine.
Santander, Javier, Greg Golden, Soo Young Wanda, and Roy Curtiss. 2012. “Fur-Regulated Iron
Uptake System of Edwardsiella Ictaluri and Its Influence on Pathogenesis and
Immunogenicity in the Catfish Host.” Infection and Immunity 80(8): 2689–2703.
Saurabh, Shailesh, and P. K. Sahoo. 2008. “Lysozyme: An Important Defence Molecule of Fish
Innate Immune System.” Aquaculture Research.
Savan, Ram, and Masahiro Sakai. 2006. “Genomics of Fish Cytokines.” Comparative
Biochemistry and Physiology - Part D: Genomics and Proteomics.
Scapigliati, G. et al. 2001. “Phylogeny of Cytokines: Molecular Cloning and Expression
Analysis of Sea Bass Dicentrarchus Labrax Interleukin-1β.” Fish and Shellfish
Immunology.
Secombes, C. J. et al. 2001. “Cytokines and Innate Immunity of Fish.” Developmental and
Comparative Immunology.
Secombes, C. J., T. Wang, and S. Bird. 2011. “The Interleukins of Fish.” Developmental and
Comparative Immunology.
Secombes, C.J., and T. Wang. 2012. “The Innate and Adaptive Immune System of Fish.” In
Infectious Disease in Aquaculture,.
Shoemaker, C.A., P.H. Klesius, and J.M. Bricker. 1999. “Efficacy of a Modified Live
Edwardsiella Ictaluri Vaccine in Channel Catfish as Young as Seven Days Post Hatch.”
Aquaculture 176(3–4): 189–93.

55

Shotts, E. B., V. S. Blazer, and W. D. Waltman. 1986. “ Pathogenesis of Experimental
Edwardsiella Ictaluri Infections in Channel Catfish ( Icta Lurus Punctatus ) .” Canadian
Journal of Fisheries and Aquatic Sciences.
Silva, Manuel T., and Margarida Correia-Neves. 2012. “Neutrophils and Macrophages: The
Main Partners of Phagocyte Cell Systems.” Frontiers in Immunology.
Svanborg, Catharina, Gabriela Godaly, and Maria Hedlund. 1999. “Cytokine Responses during
Mucosal Infections: Role in Disease Pathogenesis and Host Defence.” Current Opinion
in Microbiology.
Taghavi, Mehdi et al. 2017. “Role of Pathogen-Associated Molecular Patterns (PAMPS) in
Immune Responses to Fungal Infections.” European Journal of Pharmacology.
Takizawa, Fumio et al. 2011. “Constitutive High Expression of Interleukin-4/13A and GATA-3
in Gill and Skin of Salmonid Fishes Suggests That These Tissues Form Th2-Skewed
Immune Environments.” Molecular Immunology.
Tanel, Andre et al. 2009. “Cellular and Molecular Mechanisms of Memory T-Cell Survival.”
Expert Review of Vaccines.
Thune, R.L. et al. 2007. “Signature-Tagged Mutagenesis of Edwardsiella Ictaluri Identifies
Virulence-Related Genes, Including a Salmonella Pathogenicity Island 2 Class of Type
III Secretion Systems.” Applied and Environmental Microbiology 73(24): 7934–46.
Tort, Lluis, J. C. Balasch, and S. Mackenzie. 2003. “Fish Immune System. A Crossroads
between Innate and Adaptive Responses.” Inmunologia.
Turvey, Stuart E, and David H Broide. 2010. “Innate Immunity.” Journal of Allergy and Clinical
Immunology 125(2): S24–32. https://doi.org/10.1016/j.jaci.2009.07.016.
Uribe, C., H. Folch, R. Enriquez, and Gabriel Moran. 2011. “Innate and Adaptive Immunity in
Teleost Fish: A Review.” Veterinarni Medicina.
Vogel, Jörg, and Ben F. Luisi. 2011. “Hfq and Its Constellation of RNA.” Nature Reviews
Microbiology.
Waltman, W. D., and E. B. Shotts. 1986. “Antimicrobial Susceptibility of Edwardsiella Ictaluri.”
Journal of wildlife diseases 22(2): 173–77.
Wan, Yisong Y., and Richard A. Flavell. 2009. “How Diverse-CD4 Effector T Cells and Their
Functions.” Journal of Molecular Cell Biology.
Whyte, Shona K. 2007. “The Innate Immune Response of Finfish - A Review of Current
Knowledge.” Fish and Shellfish Immunology.

56

Wilson, Melanie R., and Gregory W. Warr. 1992. “Fish Immunoglobulins and the Genes That
Encode Them.” Annual Review of Fish Diseases.
Wu, Jiayan et al. 2018. “The Role of Regulator FucP in Edwardsiella Tarda Pathogenesis and the
Inflammatory Cytokine Response in Tilapia.” Fish and Shellfish Immunology.
Xu, Tianjun et al. 2011. “Characterization of the Major Histocompatibility Complex Class II
Genes in Miiuy Croaker.” PLoS ONE.
Yamaguchi, and Dijkstra. 2019. “Major Histocompatibility Complex (MHC) Genes and Disease
Resistance in Fish.” Cells.
Yuasa, Kei, Edy Barkat Kholidin, Novita Panigoro, and Kishio Hatai. 2003. “First Isolation of
Edwardsiella Ictaluri from Cultured Striped Catfish Pangasius Hypophthalmus in
Indonesia.” Fish Pathology 38(4): 181–83.
Zapata, A. et al. 2006. “Ontogeny of the Immune System of Fish.” In Fish and Shellfish
Immunology,.
Zhang, Hua et al. 2014. “Th17-like Immune Response in Fish Mucosal Tissues after
Administration of Live Attenuated Vibrio Anguillarum via Different Vaccination
Routes.” Fish and Shellfish Immunology.
Zou, Jun et al. 2005. “ Identification and Bioactivities of IFN-γ in Rainbow Trout Oncorhynchus
Mykiss : The First Th1-Type Cytokine Characterized Functionally in Fish .” The Journal
of Immunology.
Zou, Jun, and Christopher J. Secombes. 2016. “The Function of Fish Cytokines.” Biology.

57

